Abstract. Immunotherapy has gained special attention due to its specific effects on tumor cells and systemic action to block metastasis. We recently demonstrated that ovalbumin (OVA) conjugated to the surface of nanoparticles (NPs) (OVA-NPs) can manipulate humoral immune responses. In the present study, we aimed to ascertain whether vaccination with OVA-NPs entrapping IL-7 (OVA-NPs-IL-7) are able to induce antitumor immune responses in vivo. Pretreatment with a subcutaneous inoculation of OVA-NPs delayed the growth of thymic lymphoma cells expressing a model tumor antigen OVA (E.G7-OVA), and OVA-NPs-IL-7 substantially blocked the growth of E.G7-OVA tumor cells, although NPs-IL-7 alone had a meager effect, as assessed by the mean tumor size and the percentage of tumor-free mice. However, pretreatment with OVA-NPs-IL-7 failed to reduce the growth of parental thymic tumor cells, suggesting that the antitumor effect was antigen-specific. A tetramer assay revealed that vaccination with OVA-NPs-IL-7 tended to enhance the proportion of cytotoxic T cells (CTLs) specific for OVA. When the tumorfree mice inoculated with OVA-NPs-IL-7 plus EG.7 cells were rechallenged with E.G7-OVA cells, they demonstrated reduced growth compared with that in the control mice. Thus, a single subcutaneous injection of OVA-NPs-IL-7 into mice induced tumor-specific and also memory-like immune responses, resulting in regression of tumor cells. Antigens on NPs entrapping IL-7 would be a promising carrier to develop and enhance immune responses, including humoral and cellular immunity as well as a method of drug delivery to a specific target of interest.
Introduction
Although currently well-established treatments, including chemotherapy, radiotherapy and surgery, are initially effective, some tumors have inherent or acquired resistance to current treatments. Alternative strategies such as cancer immunotherapy have attracted special attention (1) (2) (3) . Immunotherapy could specifically target tumor cells through de novo expression of tumor-associated antigens (TAAs). TAA-expressing tumor cells are efficiently phagocytosed by immature dendritic cells (DCs) (4) , which mature to generate co-stimulatory molecules and/or cytokines under inflammatory conditions. The mature DCs present antigens along with costimulatory signals to T cells, resulting in activation of T cells. CD8-positive (CD8 + ) T cells specifically recognize and respond to TAA-expressing tumor cells in combination with CD4 + T cells or their derived cytokines, resulting in generation of cytotoxic T cells (CTLs) that specifically kill tumor cells systemically (2) . CD8-mediated immunotherapy has had considerable success in selected patients (2) , and development of novel therapeutic approaches and optimization of current treatments hold great promise in the field of antitumor immunotherapy capable of controlling tumor growth, while minimizing damage to host tissues.
To evaluate CD8-mediated control of tumor growth, we employed the ovalbumin (OVA)-expressing thymoma cell line E.G7-OVA as a model for immunotherapy where OVA is a model TAA (5) . Cytokines such as IL-2, IL-12, IFN-γ and IL-7 have been used for modulating antitumor immune responses with limited success (6, 7) . IL-7, originally known as a functional molecule sharing a receptor component (γc chain), plays a crucial role in the maintenance of memory T cells as well as the survival of naïve T cells (8) . Moreover, a recent study demonstrated that IL-7 enhances immune responses against tumors (9, 10) . Nanoparticles (NPs) have been recently used as carriers to manipulate immune responses as well as a specific system to deliver drugs to a target of interest (3, (11) (12) (13) (14) . We recently demonstrated that a single subcutaneous injection of OVA conjugated on the surface of NPs (OVA-NPs) induced OVA-specific IgG responses with poor IgE synthesis (15) . The present study examined whether OVA-NPs loaded with IL-7 (OVA-NPs-IL-7) elicited antitumor immune responses in vivo. Vaccination with a single injection of OVA-NPs-IL-7 prophylactically prevented the growth of E.G7-OVA tumors but not parental thymic lymphoma cells in vivo, probably through induction of CD8 + CTLs.
Materials and methods
Mice. Female C57BL/6 mice were purchased from the Jackson Laboratory. The mice were maintained at the animal facility of Tokyo Medical University and used for experiments at the age of 8 weeks. The Ethics Committee of Animal Experiments of the Tokyo Medical University approved the experiments.
Cell lines. EL4 thymoma cells (TIB-39) and E.G7-OVA cells (a derivative of EL4 cells expressing OVA, CRL-2113) were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in RPMI-1640 supplemented with 10% (v/v) fetal bovine serum, 50 µM 2-mercaptoethanol, and 100 µg/ml kanamycin at 37˚C in a humidified atmosphere of 5% CO 2 .
Preparation of OVA-NPs loaded with IL-7.
Two types of PEG-pGlu with a carbonyl carbon of an amino acid partially replaced by a benzyl or octyl group through an ester linkage were synthesized at NanoCarrier Co., Ltd. (Kashiwa, Japan). One had a maleimide group at the PEG terminus and benzyl groups in pGlu, and the other had a methoxy group at the PEG terminus and octyl groups in pGlu. OVA-bound polymeric micelles were prepared as previously described (16) . The micelles were separated from unbound OVA by ultrafiltration. IL-7 was encapsulated into the micelles at different weight percentages of protein to polymer of 5, 2 and 0.7% at pH 6.0. The final solvent contained 10% (w/v) sucrose and 20 mM sodium phosphate buffer (pH 6.0). The micelles were stored at -80˚C prior to use.
Prophylactic protocol for tumor growth. Mice were subcutaneously immunized with OVA-NPs-IL-7 in the back. Seven days later, the mice were challenged with E.G7-OVA or parental EL-4 tumor cells (1x10 6 cells in 100 µl PBS/mouse), followed by assays for tumor growth.
Tetramer assay for splenocytes. Detection of OVA-specific CTLs was performed using an H-2K b /OVA Tetramer-SIINFEKL kit (MBL, Nagoya, Japan). Briefly, splenocytes from immunized mice were stained with anti-mouse CD8-FITC (KT15) (MBL), followed by an assay using a FACSCanto II flow cytometer (BD Biosciences) according to the manufacturer's instructions.
Flow cytometric analysis. Single spleen cell suspensions from C57BL/6 mice primed with OVA-NPs-IL-7 and control mice were stained with anti-CD4-FITC, anti-CD62L-APC (BioLegend, San Diego, CA, USA), anti-CD8-FITC (MBL), and anti-CD44-PE/Cy7 (eBioscience, San Diego, CA, USA). Relative fluorescence intensities were measured using the FACSCanto II and analyzed with FACSDiva software (BD Biosciences).
Statistical analysis. Statistical analysis was performed with the Student's t-test. A p-value of <0.05 was considered to indicate a statistically significant result. Regression analysis was carried out using MS Excel software to determine the relationship between the two methods.
Results

Preparation of OVA-NPs loaded with IL-7.
OVA was conjugated on the surface of NPs, and then IL-7 was loaded into the NPs (Fig. 1) . The average diameter of the OVA-NPs-IL-7 was 100 nm.
Pretreatment with OVA-NPs-IL-7 reduces the growth of E.G7-OVA tumor cells in vivo.
Whether OVA on NPs in combination with IL-7 exert antitumor effects was examined in the present study. Pretreatment of C57BL/6 mice with OVA-NPs 7 days before E.G7-OVA tumor inoculation delayed tumor growth compared with the NPs alone ( Fig. 2A) . Vaccination of mice with OVA-NPs-IL-7 completely prevented the growth of E.G7-OVA tumor cells in 4 of the 5 mice for at least 28 days, although NPs-IL-7 had only a meager effect on tumor growth. However, the growth of parental EL4 tumor cells was almost comparable in the OVA-NPs-IL-7-treated and control NPs alone groups (Fig. 2B) , suggesting that vaccination with OVA-NPs-IL-7 induced OVA-specific antitumor immunity in the mice.
OVA-NPs encapsulating various concentrations of IL-7 were examined for adjuvant action against tumor growth. OVA-NPs containing 5 µg IL-7 completely blocked the growth of E.G7-OVA tumor cells in 4 of the 5 mice, whereas partial protection from tumor growth was obtained by 1.8 or 12.5 µg IL-7 incorporated into the OVA-NPs (Fig. 3) . Thus, 5 µg IL-7 incorporated into the OVA-NPs was employed for the subsequent study. 
Generation of CTLs after vaccination with OVA-NPs-IL-7.
Vaccination of tumor antigen with a suitable adjuvant induces tumor-specific CTLs, inhibiting tumor growth in vivo (11) . Vaccination with OVA-NPs-IL-7 tended to enhance a portion of splenic CTLs specific for OVA compared with the control NPs alone (Fig. 4A) . To examine the relationship between CTLs and tumor size, tumor size was measured (Fig. 4B) . A regression plot of CTLs and tumor size is shown in Fig. 4C . The coefficient of determination, R 2 =0.988, suggested a good correlation between CTLs and tumor size. Thus, OVA-NPs-IL-7-induced CTLs may have contributed to prevention of tumor growth in vivo.
Generation of memory-like T cells.
Whether memory-like cells were generated by the immunization with OVA-NPs-IL-7 together with E.G7-OVA was examined. The tumor-free mice receiving OVA-NPs-IL-7 together with E.G7-OVA tumor cells showed partial resistance to rechallenge with E.G7-OVA cells (Fig. 5A) , suggesting that this immunization generated a memory-like cell. Then, we analyzed CD4 + and CD8 + T cells from mice that had been immunized with OVA-NPs-IL-7 in combination with E.G7-OVA. The CD4 + T cells from the rechallenged mice expressed a memory phenotype (CD44 hi CD62L + ) relative to the controls (39.5 vs. 29.9) (Fig. 5B) . The percentage of memory CD8 + T cells from the primed mice tended to be higher than that from the control mice, although statistically not significant. Thus, priming with OVA-NPs-IL-7 along with E.G7-OVA generated memory-like T cells in vivo, which may contribute to prevention of the growth of subsequently inoculated E.G7-OVA cells.
Discussion
Growth of tumors is controlled by the immune system (17) . To induce a strong antitumor immune response to suppress tumor growth in vivo, a vaccine comprising a model tumor-associated antigen OVA on NPs loaded with IL-7 was prepared. A single immunization with OVA-NPs-IL-7 suppressed the growth of in the presence of cytokine IL-7 would function as a powerful prophylactic vaccine to prevent the growth of subsequent inoculations of tumor cells in vivo.
Synthetic particles mimicking the structure of microbes function as powerful immune adjuvant (3, 18) . The adjuvant activity can be modified by physical characteristics of NPs including size, antigen loading and antigen-release kinetics. Our preparation of OVA-NPs-IL-7 (~100 nm) prevented the growth of EG.7-OVA but not parental EL4 tumors (Fig. 2B) . OVA-NPs may be endocytosed by DCs or macrophages to cross-prime CD8 + T cells in regional lymph nodes (19) , since small particles in a range of 20-200 nm freely migrate to draining lymph nodes from the injection site (20) . A slow release of IL-7 from OVA-NPs (13) would facilitate to activate and maintain CD4 + -memory T cells. Cytokines produced by a variety of cells enhance or inhibit immune responses against pathogens and tumors. A clinical cancer trial demonstrated that IL-7 has efficacy as a therapeutic agent (21) . IL-7 promotes the survival of effector T cells as well as memory T cells (22) (23) (24) . Consistent with these findings, a single injection of OVA-NPs-IL-7 tended to enhance the proportion of CTLs specific for OVA relative to the control. The proportion of CD8 + CTLs appeared to correlate with poor tumor growth (Fig. 4B) (17, 25) . Moreover, OVA-NPs-IL-7 in combination with E.G7-OVA cells enhanced the proportion of a CD4 + memory phenotype (Fig. 5B) , which may have contributed to the resistance to the rechallenge with E.G7-OVA cells (Fig. 5A) . However, the proportion of memory B cell phenotype was comparable between OVA-NPs-IL-7 and the control group (Toyota et al, unpublished data). Thus, IL-7 appeared to shift the balance toward an antitumor effect by repressing regulatory networks (24) , which are predominant in the tumor-bearing host (26, 27) .
Collectively, we demonstrated that a single subcutaneous injection of OVA-NPs-IL-7 suppressed the growth in vivo of subsequently inoculated E.G7-OVA tumor cells expressing OVA, yet not parental EL4 cells. In addition to antitumor responses, OVA-NPs strongly generated humoral immunity including IgG1 and IgG2a antibody production in mice (15) . Thus, antigens conjugated on NPs would be a novel adjuvant enhancing cellular as well as humoral immune responses since they are stable, biodegradable and non-toxic to humans.
